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Abstract—We measure the energy dependence of proton- In [4] it was noted that longer wavelength (890 nm) AlGaAs
induced LED degradation using large numbers of devices and amphoteric LEDs were particularly sensitive and resulted
incremental exposures to gain high confidence in the proton ;, onigcoupler failure on the TOPEX satellite. Our study
energy dependence and device-to-device variability of damage. We . L . .
compare single versus double heterojunction AlGaAs technologies extends these investigations by comparing Sflngle versus double
(emitting at 880 nm and 830 nm, respectively) to previous experi- heterostructure AlGaAs LED devices (emitting at 880 nm and
mental and theoretical results. We also present a critical review 830 nm, respectively) to assess their tolerance to protons.
of the use of nonionizing energy loss in AlGaAs for predictions of  The extension of accelerator-based proton degradation test
on-orbit degradation and assess the uncertainties inherent in this data to predict on-orbit performance of a given optocoupler or
approach. LED technology requires good knowledge of the energy de-
pendence of proton damage and careful selection of the proton
test energy or energies. As we discuss in Section Il, studies of

DETAILED understanding of proton-induced degradathe utility of the energy dependence of the Nonlonizing Energy

tion in modern light-emitting diode (LED) technologiesLoss (NIEL) for protons in GaAs-based devices have not all
is paramount to assessing their reliability in optocoupl&upported the use of the NIEL as an appropriate metric for de-
structures and in other applications common to many satelleribing the energy dependence of damagélifi-V" devices.
designs. Our study addresses the need to develop an Therefore, a second major objective of our study addresses this
derstanding of the types of structures and material systessyet unresolved issue by conducting an extensive investiga-
that exhibit tolerance to proton degradation, and the needtion of the proton energy dependence of AIGaAs LEDs over the
gain confidence in our test methods and models for applyipgoton energy range from 10 MeV to 500 MeV. By relying on
laboratory studies to calculate the anticipated device respoifeagie numbers of devices and 5 or greater exposure increments
in a given proton environment. We focus on LED technologies a given energy, we assure that the trends noted are statistically
that are commonly found in commercially available devicesignificant and also arrive at a measure of the device-to-device
since they are the most practical option for satellite designerslependence of the measured damage factors.

Barnes and coworkers were among the first to recognize

the degradation mechanisms and relative sensitivities of GaAs II. NIEL AND GAAS STRUCTURES

based LED structures. They reported their findings in [1]-[3] In order to calculate the expected radiation response of a de-

where they described the role of displacement damage in . ) L
. o . . vice in a proton environment, it is necessary to measure or make
degrading the carrier lifetime and introducing defects that allow .
aasumpnons on the energy dependence for the performance

nonradiative recombination that competes with the desire . S .
arameter of interest. This is important because flight programs

radiative recombination process. In particular, they identify . . o
. . . ically expect on-orbit performance predictions based on
amphoterically doped LED structures as being especial . ) .
asurements made at a single or a few energies. For device

sensitive to these effects. More recently, several groups [4]— erties that dearade primarilv as a result of displacement
have extended these studies to current LED technolog SP 9 P y b

. ! -~ damage, one typically uses the calculated NIEL as a function of

(some used in optocouplers) and confirmed that amphoterically . .
. . ident proton energy for the relevant material. In the case of
doped devices appear to be much more sensitive to protan . S
displacement effects than heterostructure based approac easfo‘S (and related compounds) this approach entails significant
P PP uncertainty because of observed deviations between the NIEL

energy dependence and those observed experimentally [8].
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101 —r— ; ‘ ——100 Z NIEL calculation in 1993, there was very litle difference
— < Experimental Data: —»- Z  between in the values computed for NIEL in the 1993 and that
o - = Burke et al., 1987 = . b . .

T # Summers et al,, 1988 E in the 1988 paper [13].) It is worthwhile noting that there are
© # Barry et al., 1995 N two photoluminescence studies performed on GaAs irradiated
2 107 o  Wwith protons in the same energy range [14], [15] that are also
%— 1§= consistent with the results of Barrgt al. [8]. In contrast,
g NIEL Caleulation: ) 3 Leg et al. [17] presen_t lifetime degradanon_ measurements for
[ Summers et al., 1988 d 5 l_]"_l various proton energies on a AlGaAs multiquantum-well laser
10% | ¢ . 11 & diodes and show an apparent trend that somewhat consistent
. . e ] g with NIEL. However, the authors conclude that the energy
100 101 102 103 @ dependence is inconclusive due to the lack of statistics.

PROTON ENERGY (MeV) Finally, we note that the 1993 paper by Summetral. [10]
claims to have demonstrated a general linear correlation be-
Fig. 1. Comparison of NIEL in GaAs (scaled to the left abscissa) tyeen device “proton damage coefficients” and NIEL for Si,
experimentally measured damage factors for GaAs related devices (scale%to . “sol I les.” hel
the right abscissa and normalized to agree with the NIEL calculated value |":lAS and InP, usm_g solar cells as examples.” Nevertheless,
10 MeV protons). Divergence between the calculated and measured valuehie data presented in that work do not cover the relevant range
evident for proton energies over 50 MeV. of proton energies for most satellite applications which are more

heavily shielded. For example, both the GaAs data (from [18])

been reported either as over estimate of damage factors byané the InP data (from [19]) are for protons below 20 MeV, and
NIEL energy dependence at higher energies, or when the nafe indeed most relevant to lightly shielded solar cell applica-
malization is made at higher energies, being underestimatedi@®s. It is interesting to note that a recent paper based on the
the lower energies. The earliest energy dependent GaAs @igme solar cell data set [18], shows damage coefficients falling
placement damage factors were measured using J-FETs andgéow the calculated GaAs NIEL at higher proton energies [20],
sistors [12]-[14]. The damage factors deviated from NIEL gonsistent with Fig. 1.
higher proton energies by falling below the calculated NIEL. In summary, there is a lack of consensus in the literature con-
However, the authors in [12] and [13] suggest the discrepane§ining the applicability of present NIEL calculations to de-
as due to a lack of displacement damage equilibrium in the ttgaribe the energy dependence of displacement damage factors
active regions near the surface of the devices (which were irfa-GaAs devices.
diated from the front), and conclude that the data should follow The remainder of this paper will present results of extensive
the NIEL energy dependence even at higher proton energiégergy-dependent damage-factor studies for both single and
Carloneet al.[14] conclude that the agreement between the cdlouble heterojunction GaAs-based LEDs. We have undertaken
culated NIEL and experimental damage factors would improwecareful set of measurements on currently relevant commercial
at higher energies if the treatment of the inelastic scattering p&=Ds in an attempt to reduce the uncertainty in the use of
rameter is improved. NIEL to make space predictions for optocouplers and LEDs.
In contrast with these results, later experimental work Byote that the total NIEL for a compound material such as
Luera et al. [15], Griffin et al. [16], Barry et al. [8], and AlGaAs is calculated by summing the contributions of each
the present paper, all indicate that lower energy protons #iement weighted by its atomic fraction [21]. The results for
more effective at producing displacement damage in GaAsAk.osGa.04AS (estimated values for the double heterojunction
compared to higher energy protons (in relation to predictioh&Ds used in this paper) are virtually identical to the GaAs
assuming damage correlates with NIEL). Luestal. and NIEL.
Griffin et almeasured carrier removal damage factors in Van
der Pauw samples and minority carrier lifetime degradation in
LEDs resulting from neutron irradiation. Detailed calculations
of the displacement kerma function were performed and theln this study we evaluate a set of Single Heterojunction (SH)
14 MeV-to-reactor experimental damage ratios were smalleEDs and a set of Double Heterojunction (DH) LEDs for proton
than predicted. The results were explained by variations in thensitivity. The LEDs were provided by Isolink, Inc which man-
recombination efficiency of the Frenkel pairs in the initial colufactures optocouplers (the LED manufacture is proprietary).
lision cascade as a function of Primary Knock-on Atom (PKAJhe double heterojunction LED is used in the OLH249 opto-
energy [15]. Further discussion of Frenkel pair recombinatiaoupler and the single heterojunction LED is used in the 4N49
may be found in ([9], [11], [8] and references therein). optocoupler. Fig. 2 gives a illustration of the different layers that
To date, the most extensive set of GaAs damage constaioten each type of LED. The two device types are described in
is described in a 1995 paper by Baeyalin which minority Tables | and Il. The die were mounted on a substrate that al-
carrier lifetime damage factors in amphoterically doped GaAawed for biasing of the LEDs. Seven LEDs were packaged on
LEDs were measured for proton energies as high®30 MeV each substrate. Results for one vender lot of the single hetero-
[8]. In Fig. 1, the experimental results are compared wiflanction LEDs and two vendor lots of the double heterojunction
the NIEL calculation by Summers [13] by normalizing theni.EDs will be presented.
at 10 MeV, and a clear discrepancy is observed in the 150-A step-irradiation approach was used to determine the
500 MeV range. (Note that Summees al. [10] revised the proton-induced degradation of the LED output power. We

Ill. DEVICES AND EXPERIMENTAL METHODS
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measurement position.

Fig. 2. Schematic illustration of the irradiation of a double-heterojunction
LED (left) and a single-heterojunction LED (right).

Card of
TABLE |
DOUBLE HETEROJUNCTIONLEDS 21LEDs s :
\\ Switching Matrix
Wavelength 815~ 845 mm JJJ\
Semiconductor AlGaAs 4 M
N Region Dopant Te
N Region Thickness (x;) 40 - 80 1m Parametric
: - Analyzer
Active Laver Dopant Zn Dfé;‘g;"’
Active Layer Thickness (x,) 0.5-20pm
P Dopant Zn
P Region 1_‘11101(11-(»:35 (x3) 10 - 40 um Power pC
Overall LED Thickness 300 - 450 um Meter

LOT #3 - 18 LEDs
LOT #4191 LEDs

Device obtained

Fig. 4. Block diagram of experimental setup.

TABLE 1l

the LED output power. An:, y, z, 6 (or 4D) stage was used to
SINGLE HETEROJUNCTIONLEDS

move the device between the detector and the proton beam and
also to systematically map out the LED radiance field around

Wavelengih 860 - 900 mn e X ¢ -
— v — the peak emission directiom @ndé are not shown in Fig. 3).
Semiconductor AlGaAs ; .
T — S Fig. 4 shows a block diagram of the test setup. The 4D stage
- ~chon' opan - ! was used to map the output of the LED by moving the position
N Region Thickness (vy) SO~ 110 pum of the LED relative to the EPD in small discrete steps. The EPD
P Dopant Zn output is recorded as a function of relative position, giving a
P Region Thickness (v3) 130 ~250 pm full mapping of the LED output power over position, see Fig. 5.
Devico ohtained LOT #1 - 191 LEDs The variation of the EPD output from maximum value (or peak

position) to the minimum value position is less than a 50%,
defining an “area” over which the LED output will be mea-
simultaneously exposed a group of unbiased LEDs at easired. For this study, the location that gives the peak value of
proton energy to specified fluence levels, and measurttk output power was used to compare the post-irradiation and
the LED output power after each exposure. Simultaneougiye-irradiation measurements. To ensure that the peak value was
exposing all LEDs at each energy resulted in minimizingeasured, a complete scan over each exposed LED was com-
uncertainty in the exposure levels. The largest uncertaintypketed after each exposure.
the beam uniformity which is measured when necessary. A newCustomized LAB VIEWP software provided a user interface
group of LEDs was used for each proton energy. to control signals to the LED and EPD. The software automat-
The test setup allows for monitoring the output power of up tieally monitors the EPD output and records each output power
21 LEDs independently. The output power was measured at var-each location to a file. In all cases LED forward current was
ious locations around each LED relative to the emitting surfabeld constant at 4 mA. The selection of this test condition was
of the LED. Fig. 3 shows a diagram of the test setup. An Exarefully chosen to represent a typical application current while
ternally Calibrated Photodetector (EPD) collected a portion ofinimizing device annealing as discussed below.
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were achieved by tuning the cyclotron so that energy straggling
of a degraded beam was not a concern.

A. Experimental Details for Single Heterojunction LEDs

The single heterojunction LEDs were exposed to 9.5, 20, 62,
63, 103, 200 and 500 MeV protons. For all energies all LEDs
were exposed to betwee x 109 to1 x 10! p/en?.

All beams were monitored for uniformity across the exposure

- S area. This uniformity was within 10% for the 62, 63, 103, 200,

P " < and 500 MeV beams. The 9.5 and 20 MeV fluence data was
corrected for the nonuniformity.

Using TRIM we estimate the spread in the proton energy due
to shadowing from 1.3 mil gold bond wires, gold bonds, and the
AlGaAs 50-11Q:m N region epi-layer. For the 9.5 MeV proton
beam, approximately 81% of the protons had energies between
Fig. 5. Relative LED-EDP scan of measured LED output power. The outpd@t8 and 8.8 MeV~16% between 7.4 and 6.3 MeV, ard%
power va]ue at the peak position was used in this study to determine the LBRtween 5.8 and 4.4 MeV. The spreads at all other energies were
degradation. within the data point symbols.

Output Power (ulV)
20222426

There are several experimental issues that need careful atgnExperimental Details for Double Heterojunction LEDs

tion when making LED measurements. We detail some of those : ,
below. Double heterojunction lot #4 LEDs were exposed to 9.5,

. 20, 63, 103, 200, and 500 MeV protons. For all energies all
We ensured the repeatability of the LED output values aft EDs were exposed to the between 1.23to 1012 p/cn.

moving between the irradiation and the measurement posm%\? beams were monitored for uniformity across the exposure

by reproducing pre-irradiation measurements several times. 6{}8& This uniformity was within 10% for the 63, 103, and

measurements were reproducible to better than 2%. 200 MeV beams. The 9.5, 20 and 500 MeV fluence data was to
Injection current annealing can occur in LEDs [1], [7]. Ape corrected for the nonuniformity.

study was completed to demonstrate that injection current anpgple heterojunction lot #3 LEDs were exposed to 9.5, 30,

nealing did not impact the LED output power measured durir&, 103, 225, and 500 MeV protons. For all energies all LEDs

this study. These results showed that when the forward currgpd; o exposed to the between 24« 10+ p/cn?. All beams

is held at 4 mA and the total time the LED was biased Wggare monitored for uniformity across the exposure area. This

less than 10 minutes the injection current annealing was h@ﬁiformity was within 10% for the all energies.

to <12%. These results also showed that if the total on time Using TRIM we estimate the spread in the proton energy due

was less than 1 min the injection current annealing was helthPshadowing from 1.3 mil gold bond wires, gold bonds, and the

less than 3%. Typical measurement times were approximat@lyssas 40-80u:m N region epi-layer. For the 9.5 MeV proton

70 seconds, and therefore injection annealing had little efquéam, approximately 81% of the protons had energies between

on the determination of output degradation which was typically 3 5nd 8.9 MeV~16% between 6.8 and 7.5 MeV, areB%

greater than 25% for a given exposure. between 6.0 and 5.1 MeV. The spreads at all other energies are
Stability of the LED output was verified prior to data collecwithin the data point symbols.

tion. A study that measured the changes in output power just

after an irradiation was conducted. We found that the LEDs sta-

bilized in a few seconds. We also found that after irradiation the IV. OuTPUT POWER DEPENDENCE ONPROTON FLUENCE

output power at 5 seconds and 30 seconds after applying biags outlined earlier displacement damage effects that result in
were within 1.2%. the creation of nonradiative recombination centers are the likely
Beam dosimetry issues like flux uniformity, energy spreadingechanism for output power degradation of LEDs. The resultis
at low energies, and accuracy across facilities were guantifieddecrease in minority carrier lifetime. Direct measurement of
The latter two will be addressed later. The proton beam profild®e lifetime has been described in [22], [8].
were measured using radiation sensitive film for each protonlin this study, we are not specifically interested in the absolute
energy. The film was used to determine the beam profile and tvedue of the damage factor, rather in its energy dependence. This
fluence was corrected all variations in beam uniformity acrossin be determined by observing the relative change as a function
the exposure area. For all tests the cyclotron was tuned to tigroton energy.
test energy, this reduced the uncertainty in beam energy. The measurement approach chosen for this study allowed for
The test facilities used were University of California at Davisimple measurement of output power incident on a photode-
Crocker Nuclear Laboratory (CNL) and Tri-University Mesonector (see Section V). We employed a method described by
Facility’s (TRIUMF’s) Proton Irradiation Facility (PIF). CNL Barneset al.[1] to determine the damage factor from the output
proton energies were 63, 20 and 9.5 MeV. TRIUMF energig®wer measurements. In [1] the authors developed a series of re-
were 62, 225, 200, and 500 MeV. All energies at both facilitidationships that relate changes in LED output power to fluence
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180 - 10
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. . ~ X Single Heterojunction LEDs
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W Single Heterojunction LED = ' A Single Heterojunction LEDs
o 100 g ] 4 (TRIUMF High Energy Line)
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1 10 100 1000 1 10 100 1000
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- : haig - P - for single-heterojunction (upper curve) and double-heterojunction (lower
double-heterojunction LEDs (solid diamonds), along with solid lines showi ) h
the best fits of the data to equation (1). Best fit relations for single-heterojuncti ;VierZalaliEa?sa ?(ioétsgri\gluif arz)etofr?rﬂ[;uennsci all three beam lines and multiple
devices are shown in the upper right of the plot, and for double—heterojuncticgJ yorp '
devices at the lower left.

Fig. 6. Damage factors for single-heterojunction LEDs (solid squares) ig?. 7. Lifetime-damage-factor product values that give the best fit to equation

double heterojunction LEDs (diamonds). The fluence is normal-
(¢). These relationships depend on the initial lifetimg) @nd ized tol x 10° p/cn?. The solid line associated with each data
the damage factodq). The general result of this work is givenset is the best fit to the data. The equation of the best fit for each
by: device type is given in the figure.

Using this type of analysis for the 21 LEDs of each type,
we estimated the value fav. The value for the single hetero-
junction LEDs was found to be 1.63 with a standard deviation
. _ ) . .. 0of 0.03. The value ofV for the double heterojunction LEDs
whereP is the initial output power anf is the post-irradiation \, o< 1 00 with a standard deviation of 0.04. The high degree
output power. In the current work, we fit this equation to experist correlation arises from both the well behaved progression of
mental data using the lifetime-damage-factor produgk() and - yamage with proton fluence and also with the tight grouping of
N as ]‘|tt|ng parameters. o ) ] the device-to-device variability in the sets of 21 samples used
_ As it tums out one can determin€ if enough information hrqyghout the study. All devices behaved very similarly and
is known about the LED and how it is used. The details of thg, o tliers were excluded from the analysis. These values for
parameters that determié for a specific LED are given in a7 \will be used to fix the value oV in equation (1). Then the

[1]. We summarize them here; 1 is defined by the distribu- itetime-damage-factor produet & was determined at all test
tion of the radiative recombination centers throughout the actidRergies.

region of the LED. A linear grading of recombination centers the gata in Fig. 6 also demonstrate the relative sensitivity of

will give a different value forV than a uniform distribution of ¢4ch device type. These data show that the single heterojunction
these centers. Protons create nonradiative centers, thereforg th85 are much more sensitive than the double heterojunction
distribution of radiative centers is not effected by protpn eXPRevices. We also note that other studies [1], [7], [8], [17] have
sures. 2)N also depends on the current flow mechanisms thghon that amphoterically doped LEDs can be very sensitive
induce radiative recombination. An LEDs response to radiatigf) proton exposure on the same order as the single heterojunc-
will be different depending whether its the recombination cufin | EDs used in our study. This places the sensitivity of the
rent is dominated by diffusion current versus space-charge Cifsgle heterojunction devices we examined among the least tol-

rent. 3) Finally, the value oV depends on whether the device ig, ant class of LED technologies used in commercially available
used with a constant forward bias or a constant forward Cu”efibtocouplers.

The important point to take away from this summary is tNat
does not depend on proton energy. So, determifNngy any
means will fix the value ofV for all energies.

We chose to determin® experimentally, by estimating the The determination of the dependence of power degradation
value of 7,K and N for each LED type using output poweron proton fluence makes it possible to investigate the depen-
degradation data obtained on 21 LEDs of each type exposihce of the same quantity on proton energy. As mentioned
at 20 MeV protons. These data were fit using equation 1 apdeviously—and as indicated by the excellent quality of
the values for N were determined for all LEDs. Fig. 6 shows &he fits in Fig. 6—the value ofV is independent of energy.
example of this for each LED type. (The forward current wabhis means that the energy dependence in equation (1) is
4 mA, this prevented corruption of data due to injection currenbntained in the lifetime-damage-factor producti. Fig. 7
annealing.) The figure plots the output power ratiy () as a shows the values of, K giving the best fits to the data for
function of fluence for the single heterojunction (squares) asihgle-heterojunction (upper curvd, = 1.0) and both lots of

& 7
7 =1+ 1K) &

V. OuTPUT POWER DEPENDENCE ONPROTON ENERGY
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the double-heterojunction devices (lower curde = 1.63) to 0.1 - o
equation (1). The plot contains several notable characteristic & Do o D 40x 107
First, there is fairly good agreement in the data from dif _ X Double Heterojunction LEDs 1
. . - . -LOT #3 : Fluence = 2.0 - 4.0 x 10"
ferent beam lines and different facilities. In particular, the dai OBarry etal, [EEE 1995
for 63 MeV protons from CNL and those for 62 MeV pro-
tons at TRIUMF overlap within experimental errors (althoug]
there seems to be a slight systematic bias toward greater dam
[~30% on average] at the latter facility). Even more notable
the consistency over time of results from a given facility. Th:
agreement of results for the two different lots (#3 and #4) ¢ ;
double-heterojunction devices, tested on different dates, in NIEL Calculation
cates that if there are any systematic calibration errors, then tt - Summers et al. 1988
are at least self consistent. The overall consistency betweeny 00001 — 1'0 1(‘)0 ) 000‘“
ious data sets suggests that systematic errors between facili Proton Energy (MeV)
are unlikely to affect the qualitative or quantitative results of the
current Study. Fig. 8. Lifetime-damage-factor measurements for double-heterojunction
Second, the fact that lots 3 and 4 yield similar valuesfd¢ devices (scaled to the right abscissa), normalized to agree with calculated NIEL
. T . . ! lues (solid line—scaled to the left abscissa) for 10 MeV protons. Data from
despite being irradiated to fluences different by f_"iCtlorS of 67 e current study agree well with those from Baetyal., except perhaps at the
suggests that, as expected, the damage factor-lifetime produetgsest proton energies.
independent of fluence. Lastly, although the single-heterojunc-
tion devices sustain about an order of magnitude more damg 01 3 100
than the double-heterojunction devices, the general shapes N T icion LEDs
the curves are quite similar. This similarity argues for acommc —*—Single Heterojunction L EDs
A N A A (TRIUMF Low Energy Line)
damage mechanism at work for both sets of devices. This rais — - 4 ‘Single Heterojunction LEDs
. . . (TRIUMF High Energy Line)
the question of whether damage in these devices can be O Barry etal. IEEE 1996
scribed in terms of NIEL.
At the very least, different devices or technologies can t

compared using a Figure of Merit approach like that outline

o
2

410

0.001 g ‘j X % 41
z o

NIEL in GaAs (MeV - cm?/ gm
%
o
e )
Normalized Lifetime-Damage Factor

°
2

NIEL in GaAs (MeV - cm? / gm)
0.

Normalized Lifetime-Damage Factor

by Barneset al.in reference [1], with the suggested Figure-Of- g 0001 I‘-E'-. ER
Merit (FOM) being o]
NIEL Calculation
PO 7, - Summers et al. 1988
FOM = =7 2
JVri, K 1,K’ 2) _ .

0.0001 0.1

where P, is the initial power at current/ and voltageV, 1 10 100 1000

and 7,is the device power efficiency. Using this FOM, the Proton Eneray (MeV)

current data set makes clear that the Single_'heterojunCtiI%'. 9. Lifetime-damage-factor measurements for single-heterojunction
LEDs would need to be a factor of 10 more efficient than thevices (scaled to the right abscissa), normalized to agree with calculated NIEL

double-heterojunction devices to compensate for their grea‘@lpes (solid line—scaled to the left abscissa) for 10 MeV protons. Data from
radiation-damage susceptibility the current study agree well with those from Baetyal., except perhaps at the

highest proton energies.

V1. DiscussioN performance by assuming the damage factor is piecewise con-

Figs. 8 and 9 compare, K for single- and double-hetero-tinuous in proton energy. On the other hand, the similarity in the
junction LEDs, respectively, to NIEL as calculated by Summeshapes of-, K vs. proton energy for both single- and double-
et al. [12] (solid curve) and the results obtained by Baety heterojunction LEDs examined in the current work and for the
al. [8] (open squares in both plots). For these plots, the NIEiata in [8] suggests that a “NIEL-like” approach may be pos-
values are normalized to the valuesgf( seen for the two de- sible using the proton-energy dependence observed in this ex-
vice technologies at 10 MeV. It is clear that for both single- angerimental data.
double-heterojunction LEDSs, the current data sets agree betteFig. 10 plots the various equivalent test fluence of 50 MeV
with the experimental data from [8] than with the NIEL calcuer 200 MeV protons one would require to predict output power
lation [12]. (The significance of the slight upturn at high energgtegradation due to damage from a combination of trapped and
relative to the Barry data cannot be gauged at thistime.)  solar protons for a five year mission in a 600 km90 degree

The lack of consistency between calculated values of NIHircular orbit. The equivalent fluence is given for NIEL and for
and the data presented here and in [8] argues against usingtligetrend given by experimental data in Figs. 8 or 9. For lightly
energy dependence of the NIEL to predict space-based perf&iielded applications, this figure shows a large difference in the
mance of these LEDs from accelerator-based damage measastimated mission equivalent fluence depending on which en-
ments at a single proton energy. Indeed, given the currendlsgy dependence is assumed in the calculation. This discrepancy
available experimental data, a conservative approach woulddisappears for heavily shielded applications. This is because low
to measure damage at several energies and predict space-baseryy protons are more easily stopped by shielding.
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correlating damage of various proton energies in GaAs based
devices. We note a lack of consensus in the viability of the ap-
proach and cite several investigations that indicate that high en-
ergy protons, for which nuclear inelastic scattering is thought to
be important, are not as damaging as lower energy protons for
which the damage is dominated by Coulombic scattering.

Our study, spanning proton energies from 9.5 to 500 MeV,
also indicates that higher energies are significantly less dam-
aging than the NIEL correlation would suggest if the normal-
ization were relative to low energy (e.g., 10 MeV protons). This
discrepancy can lead to dramatically erroneous predictions if a
single energy is used with the NIEL energy dependence to pre-
dict damage in a lightly shielded device. An indication of the
Fig. 10. On-orbit degradation for a mission (in this case 5 years, aItitu<§ezeVerlty of this e_ﬁeCt was given |n_F|g. 10. Computing the single
600 km, inclination 99) can be predicted with a given fluence of protons{€st energy equivalent fluence using NIEL would lead to under-
regardless of energy—provided displacement damage is proportional ggtimation of the damage by a factor of 3 to 7 for a device with

NIEL. If damage follows experimental trends of Barey al. proton beams ; S 1A :
of different energies require different equivalent proton fluences to inflict th%O mils Al Shleldlng dependlng on the proton energy selected

same damage—especially for lightly shielded applications. for testing.
Out study was carried out on a specific set of LEDs (two

Based on the test data we present, if the normalization wey@es from a single source), we are cautious to generalize these
made to damage from 200 MeV protons, then the NIEL corrgesults to other LEDs and other GaAs devices. However, we do
lation would lead to underestimation of the damage (or time fte that our findings are consistent with other reported studies
failure) by a factor of 7 for a device with 50 mils Al shielding.of GaAs based LEDs. With this in mind, we advise caution to
This magnitude of error could be disastrous. Normalization tthyone relying on the NIEL energy correlation and suggest the
test data at 50 MeV with the NIEL correlation shows a factafareful choice of test energy or preferably energies and as well
of 3 underestimation which is less dramatic, but significaris additional design margin to realistically bound the risk of

600 km 90 Degrees : 5 year : Trapped and Solar Protons

)
g
o
m
X

=o—200 MeV eq - Computed using experimental results
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nonetheless.

VII. CONCLUSIONS

Our study has undertaken a systematic examination and cony4]
parison of proton damage in two types of commercially avail-
able LEDs of different designs. Both are found in commercially
available optocouplers favored by satellite designers, and bothg]
are based on GaAs material systems. Our results also presents
a statistically significant comparison of single versus double *
heterojunction LEDs over the proton energy range from 9.5
to 500 MeV. Damage factors were carefully determined to as-[3]
sess their energy dependence versus that of the calculated NIEL
for GaAs, and the results are similar in that the higher energyie]
protons appear to be less damaging than expected. Though the
trends with proton energy are similar, the relative tolerance is
not so. The double heterojunction structure is significantly more
tolerant to proton damage, while the single heterojunction de-l7]
vice exhibits sensitivity similar to amphoterically doped LEDs
which are noted for their problems in proton rich orbits.

With hardness assurance objectives in mind, we have criti-
cally examined the relative tolerance to displacement damage
effects from proton bombardment and focused on the proton enyg]
ergy dependence of the degradation. Since such detailed investi-
gations are usually out of scope for most flight projects, we comr; )
pared our findings with typical hardness assurance approaches
that sometimes rely on a single proton energy and correlation
with the incident spectrum of proton energies using the energy q;
dependence of the calculated nonionizing energy loss.

In part, our study was motivated by a review of the relevan
literature, which we summarized here, for existing studies usinL ]
the energy dependence of the calculated NIEL as a basis for

(8]

on-orbit failures.

REFERENCES

C. E. Barnes and J. J. Wiczer, “Radiation effects in optoelectronic de-
vices,”, Sandia Rep. SAND84-0771, 1984.

C. E. Barnes, “Radiation hardened optoelectronic components:
Sources,” inProc. SPIE vol. 616, 1986, pp. 248-252.

B. H. Rose and C. E. Barnes, “Proton damage effects on light emitting
diodes,”J. Appl. Phys.vol. 53, no. 3, pp. 1772-1780, March 1982.

] H. Lischka, H. Henschel, W. Lennartz, and H. U. Schmidt, “Radiation

sensitivity of light emitting diodes, laser diodes and photodiod&£E
Trans. Nucl. Scj.vol. 39, pp. 423-427, June 1992.

B. G. Rax, C. |. Lee, A. H. Johnston, and C. E. Barnes, “Total dose and
displacement damage in optocouplet&EE Trans. Nucl. Scivol. 43,

pp. 3167-3173, Dec. 1996.

R. A. Reed, P. W. Marshall, A. H. Johnston, J. L. Barth, C. J. Marshall,
K. A.LaBel, M. D'Ordine, H. S. Kim, and M. A. Carts, “Emerging opto-
coupler issues with energetic particle induced transients and permanent
radiation degradation/EEE Trans. Nucl. Scivol. 45, pp. 2833-2841,
Dec. 1998.

A. H.Johnston, B. G. Rax, L. E. Selva, and C. E. Barnes, “Proton degra-
dation of light-emitting diodes,1EEE Trans. Nucl. Sci.vol. 46, pp.
1781-1789, Dec. 1999.

A. L. Barry, A. J. Houdayer, P. F. Hinrichsen, W. G. Letourneau, and
J. Vincent, “The energy dependence of lifetime damage constants in
gaas leds for 1-500 mev proton$ZEE Trans. Nucl. Scivol. 42, pp.
2104-2107, Dec. 1995.

C. J. Dale, P. W. Marshall, E. A. Burke, G. P. Summers, and E. A.
Wolicki, “High energy electron induced displacement damage in sil-
icon,” IEEE Trans. Nucl. Scivol. 35, pp. 1208-1214, Dec. 1988.

G. P. Summers, E. A. Burke, P. Shapiro, S. R. Messenger, and R. J.
Walters, “Damage correlations in semiconductors exposed to gamma,
electron and proton radiationslEEE Trans. Nucl. Sci.vol. 40, pp.
1372-1379, Dec. 1993.

P. W. Marshall and C. J. Marshall, “Proton effect and test issues for satel-
lite designers,IEEE Nuclear and Space Radiation Effects Conf. Short
Course p. | V-2-110, July 1999.

E. A. Burke, C. J. Dale, A. B. Campbell, G. P. Summers, T. Palmer, and
R. Zuleeg, “Energy dependence of proton-induced displacement damage
in GaAs,” IEEE Tranc. Nucl. Scivol. 34, p. 1220, Dec. 1987.



REEDet al. ENERGY DEPENDENCE OF PROTON DAMAGE IN AlGaAs LEDs

2499

[13] G. P. Summers, E. A. Burke, M. A. Xapsos, C. J. Dale, P. W. Mar-[18] B. E. Anspaugh, “Proton and electron damage coefficients for GaAs/Ge

shall, and E. Petersen, “Displacement damage in GaAs structlE&€”
Trans. Nucl. Scj.vol. 35, Dec. 1988.

[14] C. Carlone, M. Parenteau, A. Houdayer, P. Hinrichsen, and J. Vincent[19]
“Photoluminescence study of gallium vacancy dfects in gallium arsenide

irradiated by relativistic protonsEEE Trans. Nucl. Sci.vol. 44, p.
1856, Dec. 1997.

[15] T. F. Luera, J. G. Kelly, H. J. Stein, M. S. Lazo, C. E. Lee, and L. R.
Dawson, “Neutron damage equivalence for silicon, silicon dioxide, and
gallium arsenide,TEEE Trans. Nucl. Scivol. 34, pp. 1557-1563, Dec.

1987.

[16] P.J. Griffin, J. G. Kelly, T. F. Luera, A. L. Barry, and M. S. Lazo, “Neu- [22]

tron damage equivalence in GaAf£EE Trans. Nucl. Scivol. 38, pp.
1216-1224, Dec. 1991.

[17] S.C.Lee,Y.F.Zhao, R.D. Schrimpf, M. A. Neifeld, and K. F. Galloway,
“Comparison of lifetime and threshold current damage factors for multi-
guantum-well (MQW) GaAs/GaAlAs laser diodes irradiated at different
proton energies,/EEE Trans. Nucl. Scivol. 46, pp. 1797-1803, Dec.

1999.

solar cells,” inProc. 22nd IEEE Photovoltaic Specialists Corif992,

pp. 1593-1598.

M. Yamaguchi, C. Uemura, and A. Yamamoto, “Radiation damage
in InP single crystals and solar cellsJ. Appl. Phys. vol. 55, pp.
1429-1436, 1984.

R. J. Walters, M. A. Xapsos, G. P. Summers, and S. R. Messenger, “Anal-
ysis and modeling of the radiation response of space solar cellk998
GOMAC Proc, Jan. 1999, pp. 434-437.

J. F. Zeigler, J. P. Biersack, and U. Littmafihe Stopping and Range of
lons in Solids New York: Pergamon, 1984.

A. L. Barry, R. Maxseiner, R. Wojcik, M. A. Briere, and D. Braunig,
“An improved displacement damage monitdEEE Trans. Nucl. Sci.
vol. 37, pp. 1726-1731, Dec. 1990.



